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ABSTRACT
Droop control is the conventional way to share the demand power among the generators in a
microgrid. Analyzing this control method shows that it has poor performance in reactive power
sharing. Generated reactive power of each microsource depends on the active load demand. In
this paper, a control method is proposed to improve the reactive power sharing performance.
It is indicated that higher reactive power droop gains make the generated reactive power to be
less influenced from the changes in active load. However, high droop gains can lead the system
to instability. Hence considering eigenvalue analysis of the microgrid, a new auxiliary controller
is proposed to damp the oscillations caused by high droop gains. In the new method, there is
not the need for monitoring the grid impedance to tune the controllers. To verify the proposed
method, load step is applied to a test microgrid and the results are shown. In the new method,
total generated reactive power is reduced in comparison to the conventional droop controller
and the system stability is maintained.
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VSC Voltage source converter
PWM Pulse width modulation
Introduction
Recently an increasing attemp is made in the utilization
of DGs. Performing clean and low cost energy espe-
cially by renewable energy resources has increased the
attention to develop new technologies in this research
area. Solar photovoltaic system, fuel cell, wind turbine
andmicroturbine are themost commonDGs being uti-
lized. They have given decentralized control capability
to electric power system [1–5].
A microgrid comprises a set of DGs and local loads
as a part of electric distribution network [6]. DGs are
usually connected to the utility by a VSC and often
known as inverter interfaced DGs [7–8]. Microgrids
can be planned to operate in islanding mode which is
also known as autonomous or grid connected mode.
They also can be operated in both modes, switching
from grid connected to the islanding mode in prede-
termined situations [9–11].
In islanding mode of operation, demand power
should be shared among DGs considering their capac-
ity. Using communication infrastructures, control sig-
nals can be sent to each DG to regulate the power
generation according to the load demand. This method
has low reliability because of high dependency to the
physical structures. Also, the cost of implementing of
such a system is high and even non economical [12–13].
Droop control method is a way to achieve decen-
tralized power sharing for parallel inverter inter-
faced DGs [14]. It mimics the operation of gover-
nor and exciter of a synchronous generator to adjust
the frequency and voltage of each micro source.
This method does not need any communication link
between the grid components and is based on local
measurements [15].
Basic principle of the droop control method is by
the assumption that the impedances of the transmission
lines of the grid are predominantly inductive. In such
condition, the active power generated by each source
is highly dependent on the output voltage angle, while
the reactive power is mainly controlled by the voltage
amplitude [16].
In microgrids due to the resistive characteristic of
the coupling impedances of the network, active power
is not totally controlled by the power angel and it also
depends on the voltage amplitude. The same scenario
is appointed for the reactive power [17]. Therefore, the
proper power sharing control in islanding microgrids
plays an important role in microgrid studies.
In [18], virtual impedance method is applied to
adjust the output impedance of inverter interfaced DGs
and thus the power sharing is improved. Transforma-
tion of the voltage and frequency frame to virtual frame
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is proposed in [19] to decouple the active and reac-
tive power control. These two methods need the real
time monitoring of the output impedance of each DG
in the microgrid and the other network parameters.
Therefore, the implementation of such controllers is
impractical for large scale microgrids and they can only
be applied to small sized grids with fixed loads and
network components.
Active droop controllers are proposed in [20–21] for
VSCs in resistive electric grids. In this method active
power is related to the voltage instead of the frequency
and reactive power is related to the frequency. By this
opposite droop control scheme, active power is not
properly shared while the reactive power sharing is
improved.
In [22] the voltage-reactive power droop equation
consists of the integral of load bus voltage and refer-
ence voltage. Although the proposed method has good
results in the reactive power sharing, small signal sta-
bility is not verified in the mathematical analysis. The
adaptive voltage droop control scheme is proposed in
[23], where in droop equation gains are defined as a
function of both impedance and output (active and
reactive) powers. Implementation of this study is com-
plicated because it needs the continuous monitoring
and computation of the network impedance.
The variable horizontal shift is presented in the
conventional reactive power-voltage droop character-
istic, as a function of microgrid load level in [24].
Active power sharing accuracy in steady-state condi-
tion is high and by injecting the active power to the
voltage-reactive power droop characteristic, reactive
power sharing is enhanced. Also, small signal analysis is
provided to show the impact of droop gains on system
stability. Thismethod does not have the previousmeth-
ods complications but it does not consider the transient
coupling of active and reactive powers and the negative
impact of the poor transient active power sharing.
Most recent studies have utilized the communication
infrastructures to overcome the reactive power shar-
ing problem. A multi-agent based control method in
[25] consists of two layers. The bottom layer is the
electrical grid, while the top layer is a communica-
tion network including the agents. It has satisfactory
results in proportional reactive power sharing. In [26]
nonlinear state feedback control with event-triggered
communication among inverters is proposed. In [27],
using virtual impedance, the control strategy does not
require the knowledge of the line impedances. In these
studies, there is the problem of communication time-
delay betweenDGs in the distributed consensus control
that uses the network information. Despite having pre-
cise reactive power sharing among the inverters, these
methods have low reliability due to the communication
infrastructures.
In this article, a new structure is proposed for power
sharing in combination with droop control method.
By this innovation, an enhancement is made in power
sharing. It is less complicated in comparison to the
impedance monitoring based schemes. Sharing the
reactive power is less influenced by the change made in
the active load demand.
Proposed method is based on the stability analysis
of the microgrid and by modifications of droop con-
trol, the system stability is maintained. In the second
section the basic principles of conventional droop con-
trol scheme are introduced and its poor reactive power
sharing is discussed in a sample network. In the third
section the new control method is presented and the
proper operation of proposed controller is verified by
Matlab simulation results. Finally, the fourth section is
the conclusion.
Problem statement of droop controller
Droop controller mimics the operation of governor
and exciter in synchronous generators. It determines
the output frequency and voltage of generators accord-
ing to the active and reactive powers delivered from
their terminals to the utility. Droop control math-
ematic analysis is usually conducted in dq0 refer-
ence frame. It facilitates control process by trans-
forming time variant quantities of voltage and current
in three-phase reference frame to part-time-constant
quantities.
Figure 1 shows aDGunit connected to themicrogrid
by inverter. In order to determine frequency and voltage
by droop equations, instantaneous powers should be
calculated from the generator output voltage and cur-
rent (voand io) in dq0 coordinate frame. It is assumed
that the input source of inverter is an ideal dc link. Out-
put filter (Lf Cf ) and coupling inductance (Lc) are also
connected before the terminal bus.
Instantaneous active (p) and reactive (q) powers gen-
erated by each micro source are calculated as follows in
(1) and (2).
p = vodiod + voqioq, (1)
q = vodioq − voqiod. (2)
Instantaneous quantities should be passed through
low pass filter withωf as cut-out frequency according to
(3) and (4) to derive active (P) and reactive (Q) powers.
Reference voltage and frequency can be obtained by (5)










ω = ωn − k1P, (5)
v∗od = Vn − k2Q. (6)
In above equations ωn and Vn are the nominal fre-
quency (in radian per second) and voltage in themicro-
grid. k1 and k2 are active and reactive power droop gains
respectively. The component of reference voltage along
the q-axis is set to be zero. By adjusting the reference
voltage amplitude and frequency, switching pulses can
be determined by the pulse PWM switching technic for
VSC based DGs in the microgrid.
In order to evaluate the performance of conventional
droop control scheme, a test microgrid system is con-
sidered for the simulations. Figure 2 shows the micro-
grid single phase schematic. It contains three buses with
a DG in each bus.
To observe DGs generated active and reactive pow-
ers, a step change ismade in the active load by switching
the load3 in bus1 and the total active load is increased.
Network and controller parameters like impedance of
transmission lines and filters and droop gains are given
in Table 1 [28]. Switching frequency is 8 kHz. For sim-
plicity, droop gains are kept the same for all generators
in the microgrid.
Figure 3 shows the active powers generated by DGs
in all buses. All DGs produce equal active power in
the steady-state time because the frequency droop gains
have the same value. But in transient state, the active
power of DG1 has much greater value with respect to
two other DGs. It shows that the droop control does
not properly share the active load in the transient time.
Meanwhile, it is not the goal of this paper to study the
transient power sharing.
Figure 2. Single phase schematic of the test microgrid.
Table 1. Network and controller parameters of the test system
[28].
Lf 1.35mH Cf 50μF
Lc 0.35mH ωf 31.41
k2 1.3× 10−3 k1 9.4× 10−5
xline1 0.1 rline1 0.23
xline2 0.58 rline2 0.35
Figure 3. Active power generated by DGs in all buses.
Figure 4. Reactive power generated by DGs in all buses.
According to droop control concept, the frequency
of each DG changes continuously by variation in its
generated active power.When a change in the load level
occurs, frequency reaches the steady-state point after
the transient time. DGs have different frequencies in
compare to each other during the transient time.
As one frequency set point is possible for genera-
tors in a microgrid, active power is divided between
DGs in a way that determines same frequency for them.
Therefore DGs produce same active power when hav-
ing same active power droop gain (k1). In the other
words, the conventional frequency-voltage droop tech-
nique shares the active load perfectly, because the fre-
quency is a global variable in the steady-state condition.
However, as it can be seen in Figure 4, the reactive
power is not shared according to the same determined
droop gains (k2).
In addition to the obvious difference of three DGs
reactive powers, it can be seen in Figure 4 that the
reactive power generation is strongly affected by active
load increment. In the other words, there is a coupling
between active and reactive powers. Therefore, in an
islanding microgrid, the conventional droop controller
could not properly share the reactive power. To improve
the power sharing, a new control method is proposed
and discussed in the next section.
Proposed power sharingmethod
Reactive power droop gain and stability analysis
In order to decrease the coupling of active and reactive
powers, power sharing control structure is modified.
The principles of the proposed scheme are discussed in
this section. Considering (6), increasing the droop gain
from k2 to k′2 reduces the required reactive power for a
desired reference voltage as it can be seen in Figure 5. In
this case, active powers of the generators are the same as
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Figure 5. Effect of increasing reactive power droop gain on
required reactive power for a desired reference voltage.
previous case because the active power droop gain (k1)
is kept the same.
Increasing the reactive power droop gain seems to
be effective to reduce the impact of active load charac-
teristic on reactive power generation. Stability analysis
should be conducted before applying droop change. To
do this, eigenvalues of the system should be observed.
The test microgrid eigenvalues can be derived by the
whole microgrid system state space equations [28].
According to Figure 1 coupling impedance equa-
tions of each DG can be given by (7)–(12).
did
dt






























Equations of the transmission lines can also be
explained in dq reference frame. Considering Figure 2,


























By linearizing and rearranging (5)–(14) for all lines
and generators of the test microgrid, state space equa-
tions can be obtained in the format of (15).
dxi
dt
= Axi + Bu. (15)
In (15), xiis the ith state variable and uis a matrix
including input variables. For the observed system,
state variables are P, Q, idq, vodq and iodq for
three DGs and ilinedq for the two lines. According to
Equation (15), eigenvalues are found as the roots of the
denominator of the system transfer function which can
be obtained in formof a polynomial by taking the deter-
minant of sI-A. Stability of themicrogrid can be studied
from these eigenvalues [29].
Figure 6 shows the traced trajectory of critical low-
frequency eigenvalues of the test system as a function of
reactive power droop gain. By increasing k2, these low-
frequency modes are moved to the right hand side of
the complex conjugate plane. This will lead the system
to oscillations and instability.
In microgrids the physical inertia of VSC based DGs
is low. Therefore in autonomousmode of operation, the
system is potentially susceptible to oscillations resulting
from the changes in load or network parameters.
One of the most important concerns for the sta-
ble operation of autonomous microgrids is small signal
stability. As a result, in microgrids, any modification
in reactive power controller should be implemented
in a way to share the reactive power accurately while
maintaining the system stable operation.
Figure 6. Trajectory of low-frequency modes by increasing
reactive power droop gain.
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Proposed controller formicrogrid stability
enhancement
Further, the new control structure for damping the
oscillations due to the increment in reactive power
droop gain is proposed. By damping the oscillations
while applying larger reactive power droop gain, DGs
generated reactive power will be less affected in the
changes occurred in the active load. The structure of
proposed controller is shown in Figure 7.
This controller is added to the conventional droop
control structure, being fed by the outputs of droop
controller (ω, v∗od and v
∗
oq). Input signals are added to
two back to back voltage and current controllers.
An auxiliary controller is embedded for the reactive
power sharing improvement in which the input is the
reactive power generated by each micro source and the
output is added with a negative gain to the reference
voltage of the PWM. v∗oq was set zero in droop con-
troller in order to have symmetrical positive sequence
sinusoidal output voltage.
According to Figure 7, the auxiliary loop consists of
a gain, a lead-lag transfer function, a low pass filter with
Tf as time constant and a wash out function. The gain
K is for improving the system stability. Lead-lag trans-
fer function is required to shift the oscillatory modes
of the microgrid system to the left half plane and have
phase lead. Low pass filter is for high frequency distur-
bance rejection andwashout filter is embedded tomake
the transitions caused by changes in the input source
smoother.
The gain K is chosen to provide sufficient damping
to the mode of concern and is taken as one-third of the
instability gain. Wash out time constant (Tw) is usually
chosen 5–10 seconds [30].
Lead-lag transfer function parameters are deter-
mined as follows [30]:
γ = 1 − sin(ϕcomp)
1 + sin(ϕcomp) , (16)
Tlag = 1
ω′√γ , (17)
Tlead = γ .Tlag . (18)
In (16) ϕcomp is the desired phase lead which causes
damping the oscillatory modes and ω′ is the frequency
of the dominant oscillatory mode in radian per sec-
ond. Voltage and current controllers are responsible
for damping high frequency oscillations caused by the
switching system and disturbances [31].
According to Figure 6, after increasing the reac-
tive power droop gain, oscillatory modes with low fre-
quency move toward the right side of root locus. Pro-
posed control compensating method provides phase
lead and shifts the eigenvalues to the left side of imagi-
nary axis, which enhances the system stability. Also, the
disturbance rejection capability of the embedded auxil-
iary loop facilitates the occurrence of load change and
reaching the new stable operating point.
Inner PI controllers in voltage and current con-
trollers guarantee zero steady-state error and improve
system transient response. Also, feed-forward loops
survive DGs from load disturbances. Coefficients of
inner PI controllers are tuned by trial and errormethod.
For the test microgrid with the proposed controller,
a load step-up is applied similar to what happened in
the second section. In other words, the microgrid ini-
tial active load is 12 kw. After t = 1 s the active load
is suddenly increased to 20 kw. The microgrid has no
reactive load and reactive power generation of DGs
are due to the inductance of transmission lines. Active
power sharing is accurate like Figure 3. DGs generated
reactive power is shown in Figure 8.
By comparing Figures 4 and 8, it can be seen that
generated reactive power has been less affected when
the change is made in the active load. This has been
achieved by increasing the reactive power droop coeffi-
cient. Also by applying the auxiliary controller, we have
Figure 7. Structure of the proposed control system.
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Figure 8. Reactive power sharing result for the new control
method.
Table 2. Total generated reactive power by DGs in the micro-
grid.
Conventional method Proposed method
Before load change 1000 350
After load change 2500 800
less oscillation in the output power of themicro sources
and the system stability is maintained.
In order to evaluate the benefit of the proposed
method, a comparison is made between the new and
conventional power sharingmethods. Table 2 shows the
total generated reactive power (Q) by the DGs in the
microgrid in two cases which can be calculated as (19).
Q =
∑
(|Q1| + |Q2| + |Q3|). (19)
It can be observed that the exchanged reactive power
is reduced in the proposed method. Generating equal
reactive power is not possible for DGs while having
equal droop gains. It is due to the correlation of the reac-
tive power and the output voltage for each DG. Unlike
the frequency which is a global variable in the micro-
grid, the voltage of terminal bus of each DG is a local
parameter. Bus voltages are mainly determined by grid
configuration. The major achievement of this research
is to reduce the correlation between reactive power and
voltage.
In a microgrid with the limited installed capacity of
generation and transmission system, it is so important
to manage the power sharing. The proposed method
has prepared a released capacity for inductive loads by
the reactive power generation mitigation.
As discussed in this section, the proposed approach
is based on the modified droop control method. In
comparison to the conventional power sharing meth-
ods, the new approach does not use the communication
link among distributed generators, hence it has lower
cost and high reliability. Also, there are not the compli-
cations due to the grid impedance monitoring which is
a challenge in conventionalmethods especially for large
scale grids. The newmethod guarantees the system sta-
bility because the auxiliary controller parameters are
tuned based on the provided small signal stability anal-
ysis. As proven by simulation results, the accuracy of
reactive power sharing is properly enhanced as well
as reducing the coupling of active and reactive power
control.
Conclusion
In this paper, power sharing quality of conventional
droop control method is analysed in an islanding
microgrid. It is shown that the active power is properly
shared when a step change occurs in the active load.
In this case, assigned reactive powers to the DGs are
strongly increased by stepping up the active load. To
solve this problem a control method has been proposed
to improve the power sharing. New auxiliary controller
is combined with conventional droop control method
and voltage and current controllers.
Reactive power droop gain increment to decou-
ple the generated active and reactive powers of DGs
has been considered. Embedded auxiliary controller is
responsible for damping the low-frequency oscillations
caused by droop gain. Also, voltage and current con-
trollers have the high frequency disturbance rejection
capability. Proposed power sharing structure is applied
to a test microgrid system and the simulation results
for a load step are shown. It has been concluded that
the new method can release remarkable part of the
total generators capacity by reducing the reactive power
consumption.
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